Mutations were analysed in the major capsid protein VP60 of the rabbit haemorrhagic disease virus (RHDV), a calicivirus responsible for high mortality rates in both wild and domestic European rabbits (Oryctolagus cuniculus). Likelihood of positive selection was estimated using the PAML software applied to 43 non-identical complete sequences of the major capsid protein. Three codons showed signs of positive selection (with posterior probabilities over 95%), one of them is located in the region containing the major antigenic determinants (region E). The presence of positively selected codons (PSCs) in other regions may suggest the existence of other antigenic regions on the major capsid protein that stimulate protective immune responses. At all the 3 PSCs, variation contributes to putative N-glycosylation sites of the protein.
Introduction
Rabbit haemorrhagic disease (RHD) is a highly contagious disease, characterised by high morbidity and high mortality in both wild and domestic adult rabbits (Oryctolagus cuniculus), whereas rabbits below the age of 2 months usually survive infection (Ferreira et al., 2004; Xu and Chen, 1989) . The disease is caused by rabbit haemorrhagic disease virus (RHDV), a member of the genus Lagovirus of the family Caliciviridae (Parra and Prieto, 1990) . RHDV is a non-enveloped positive-sense single-stranded RNA virus with a genome of about 7.5 kb and a sub-genomic RNA of 2.2 kb. There are two open reading frames (ORFs), ORF1 and ORF2. The former encodes a polyprotein which is cleaved into non-structural components (including a helicase, a protease and the RNA-dependent RNA-polymerase) and the major structural protein, i.e., the capsid VP60. ORF2 encodes VP10, a basic protein present in small amounts in virions (Thiel and Konig, 1999) . The capsid protein VP60 is the main target of the host immune defence against RHDV, and plays an important role in virus diagnosis and vaccine design. In common with other caliciviruses, the RHDV capsid is composed of two main domains, a shell (S) domain formed by the N-terminal part of the protein and a protrusion (P) domain formed by the C-terminal part. The latter can be subdivided into two subdomains, P1 and P2. Six distinct regions (A to F) can be distinguished in the protein. The C and E regions are located in the exposed P2 subdomain and show the highest degree of genetic variation (Neill, 1992) .
Phylogenetic analyses based on the region E of the RHDV VP60, although not consensual, showed that the phylogenetic clustering of RHDV strains is more correlated with the year of isolation of the strain than to the geographic location (Forrester et al., 2006; Le Gall et al., 1998; Le Gall-Reculé et al., 2003; Moss et al., 2002; Nowotny et al., 1997) . Recently, recombination within the VP60 gene was described (Abrantes et al., 2008; Forrester et al., 2008) . It is therefore possible that by analyzing only parts of the major capsid protein a number of recombinant strains go undetected in phylogenetic studies. Recombination might be one of the obstacles to efficient RHD control. Analyses of samples collected in several European countries before the first documented RHDV outbreak (in China in 1984) revealed the presence of anti-RHDV antibodies in wild and domestic rabbits (Forrester et al., 2006; Moss et al., 2002; O'Keefe et al., 1999; Rodák et al., 1990) . This suggests the existence of precirculating non-pathogenic virus strains related to RHDV. However, the European rabbit populations appeared not to be entirely protected, because the first recorded outbreaks were highly lethal. The hypothesis that RHDV can circulate among rabbits without causing disease was further supported by the identification of nonpathogenic strains (Capucci et al., 1996; Forrester et al., 2003 Forrester et al., , 2007 Zheng et al., 2002) . Nevertheless, to date no differences have been found that could explain the switch between avirulent and virulent RHDV strains (Capucci et al., 1996; Forrester et al., 2003 Forrester et al., , 2007 Moss et al., 2002) . Thus, knowledge of protein regions under positive selection pressure may help understanding the mechanisms that govern RHDV virulence, pathogenesis and RHD epidemiology. Here we report codons of the major capsid protein VP60 that seem to be under positive selection.
Methods
All available complete sequences of the major capsid protein VP60 from pathogenic strains were retrieved from GenBank (the accession number, country of origin, strain name and year of isolation of the 43 sequences used are listed in Table 1 ) and were aligned using the BioEdit software version 7.0.5.3 (Hall, 1999) . The following strains were excluded from the analysis since they were shown to be recombinants (Abrantes et al., 2008; Forrester et al., 2008) : Hartmannsdorf (GenBank accession number Y15425); Czech V351 (GenBank accession number U54983); Mexico (GenBank accession number AF295785); China 1984 (GenBank accession number AF402614) and France 00-08 (GenBank accession number AJ319594). No evidence of recombination was found for the remaining strains used (data not shown).
In order to better understand the biology of the rabbit haemorrhagic disease and considering the immunogenicity properties of the capsid protein VP60, we hypothesized that substitutions in this region, particularly sites under adaptive molecular evolution, might play a role in the ongoing genetic conflict between host and parasite. Under neutrality, the expected ratio (ω) of non-synonymous (d N ) to synonymous (d S ) substitutions in a gene is one and significant deviations from this value can be interpreted as evidence of either positive (ω > 1) or purifying selection (ω < 1). However, this approach is highly conservative. Here, detection of positive selection was performed using PAML (Yang, 1997) . This maximum likelihood (ML) method instead of averaging ω across the gene uses codon-based models that allow heterogeneity in d N /d S among codons in a phylogenetic context, allowing detection of recurrent positive selection occurring only in small portion of a gene. This likelihood-based evolutionary method has been successful applied in the detection of codon-specific positive selection in viruses (e.g. Lemey et al., 2005; Ross and Rodrigo, 2002) . We compared the fit of two nested site specific models to the data -a neutral model that does not admit positive selection (ω ≤ 1) and an alternative model that admits positive selection (ω > 1). We compared models M0 to M3, M1a to M2a, M7 to M8 and M8a to M8. In the first comparison, the model M0 assumes a constant ω ratio across the genes whereas M3 assumes different proportions of discrete classes of sites with different ω ratios. In the second comparison the null model M1a (neutral/purifying model), was formulated to allow only two site classes for ω: the conserved category with 0 < ω < 1 and the neutral category with ω = 1. The alternative model, M2a (positive selection model), allows a third category of sites, which has an ω > 1. In the last two comparisons the neutral M7 model assumes that ω follows a beta distribution with 10 categories, each corresponding to a distinctive ω value that is always less than 1 while the also neutral M8a model, which is similar to the model M7, allows for an extra class of codons with ω = 1. The alternative model, M8, has an extra category with an ω > 1 (more details of the models can be found in Yang et al., 2000 and Yang et al., 2005) . To assess whether allowing codons to evolve under positive selection gives a significantly better fit to the data, the log likelihood values for each pair of nested models were compared using a likelihood ratio test (LRT). The level of significance for these LRTs was performed using four degrees of freedom for the comparison between models M0-M3, two degrees of freedom in both comparisons between M1a-M2a and M7-M8 and one degree of freedom for the comparison M8a-M8. Simulations were run three times with multiple starting values for ω. Finally, the empirical Bayes method (Nielsen and Yang, 1998; Wong et al., 2004) was used to determine which amino acids were most likely responsible for the signature of positive selection. Sites with posterior probabilities >0.95 were considered likely to have evolved under adaptive evolution. 
Results and discussion
Evidence for positive selection on RHDV VP60 sequences was detected using a ML method implemented in the software package PAML (Yang, 1997) . We compared models that incorporate or prohibit positive selection (Table 2) . We found that the comparisons M0 to M3, M7 to M8 and M8a to M8 are significant and models permitting positive selection are a better fit to the data (Table 2 , significance values in bold). The more conservative comparison, M1a to M2a was not significant. In addition, all models allowing for positive selection had a class of codons with ω values above 1.0. Therefore, we evaluated which amino acids are most likely responsible for the non-neutral pattern detected. Three codons appear to be under positive selection (posterior probabilities over 95%; the results are presented in Table 3 according to the models tested). Positively selected codons (PSCs) were identified at three of the six regions of the VP60 protein (Table 4) with two of them in the hypervariable regions C and E. The presence of PSCs within the E region is in accordance with indications that this region contains the main antigenic determinants (Capucci et al., 1995 (Capucci et al., , 1998 Neill, 1992; Seal, 1994) . Also, for Feline calicivirus (FCV), both the C and E regions of the capsid were found to be exposed to positive selection (Coyne et al., 2007) . In addition, in Norwalk virus, another member of the Caliciviridae family, the P2 subdomain, which in RHDV show overlaps with the regions C and E, was proposed to contain determinants for strain specificity (Prasad et al., 1999) , while the blocking of the region between amino acid residues 300 and 384 inhibited the binding of the virus capsid to cells (White et al., 1996) . The association between positive selection and antigenicity suggests an immune-mediated mechanism for RHDV evolution. The evidence of positive selection at other regions than the proposed to contain the antigenic determinants may indicate the existence of other antigenic determinants on the major capsid protein that stimulate protective immune responses. Especially the region C which is located on the surface of the capsid could be involved in interactions with host receptors.
Amino acid substitutions at the PSCs may impose changes in the polarity or charge of the protein (Table 4 ). The polarity and the charge of a protein are important for the protein structure and protein-protein interaction. Amino acid possibilities within the positively selected site 432 showed changes only with respect to charge, whereas the other positively selected amino acids are neutral, but showed changes with respect to polarity.
Changes at the three PSCs can generate a putative Nglycosylation site (Table 4 ). On average, there are seven to nine N-glycosylation sites found in VP60 of RHDV. N-linked glycosylation is one of the most common post-translational modifications in newly synthesised proteins and involves the attachment of a high mannose core to the amide nitrogen of an asparagines residue. Nglycosylation allows viruses to increase surface diversity which is Vigerust and Shepherd, 2007) . Site-directed mutagenic studies on other single-stranded positivesense RNA viruses revealed that the deletion of N-glycosylation sites enhance the host immune response and decrease the virulence (e.g. Liu et al., 2007; Sainz et al., 2008) . Drugs that inhibit viral N-glycosylation of the virus envelope are currently being tested for preventing viral infection (e.g. Balzarini, 2007) . One of the RHDV strains known to be non-pathogenic (RCV; GenBank accession number X96868; Capucci et al., 1996) , differs from pathogenic strains by missing amino acids 307 and 308, which determine one of the predicted N-glycosylation sites. Position 307 was found to be under positive selection.
In conclusion, we provide evidence of positive selection at the major capsid protein VP60 of RHDV. The results suggest that PSCs tend to be associated with known antigenic regions, indicating that viral variation is mainly driven by the host immune response. Positively selected sites at other regions may indicate antigenic determinants yet to be discovered. Identifying these PSCs is important, as this variation is likely to be related to pathogenicity and virulence. However, virulence may be a multigenic trait with other regions of the genome, that may not stimulate directly protective immune responses, also determining virulence (by controlling replication rate, proteolytic activity, etc.).
